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Abstract 

Microglia are the primary immune cells of the central nervous system (CNS). IVlembrane bound sensors on their processes 
monitor the extracellular environment and respond to perturbations of the CNS such as injury or infection. Once activated, 
microglia play a crucial role in determining neuronal survival. Recent studies suggest that microglial functional response 
properties vary across different regions of the CNS. However, the activation profiles of microglia derived from the spinal 
cord have not been evaluated against brain microglia in vitro. Here, we studied the morphological properties and secretion 
of inflammatory and trophic effectors by microglia derived from the brain or spinal cord of neonatal rats under basal culture 
conditions and after activation with lipopolysaccharide (LPS). Our results demonstrate that spinal microglia assume a less 
inflammatory phenotype after LPS activation, with reduced release of the inflammatory effectors tumor necrosis factor 
alpha, interleukin-1 beta, and nitric oxide, a less amoeboid morphology, and reduced phagocytosis relative to brain-derived 
microglia. Phenotypic differences between brain and spinal microglia are an important consideration when evaluating anti- 
inflammatory or immunomodulatory therapies for brain versus spinal injury. 
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Introduction 

Microglia are a unique population of cells in the central nervous 
system (CNS), constituting 5 to 15% of its total cell population, 
and were first identified by Rio-Hortega in 1932 [1-3]. As the 
resident immune cells of the brain and spinal cord, microglia are 
the front line of defense against invading pathogens and CNS 
injury [3]. In basal physiological conditions (i.e. prior to injury or 
activation), microglia have ramified morphology with long 
processes that monitor the extracellular environment surrounding 
the cells of the CNS [4]. After brain trauma or infection, microglia 
become activated and withdraw their processes to assume 
amoeboid and spherical morphologies [5]. Amoeboid microglia 
are capable of secreting anti-inflammatory factors, pro-inflamma- 
tory factors, prostaglandins, cytokines and reactive oxygen species 
[5-7]. These microglial effectors interact with surrounding 
neurons and other glial cells and can initiate trophic as well as 
toxic signaling pathways [5-7] . Upon further activation, microglia 
assume a spherical morphology and become predominantiy 
phagocytic, acting to clear the CNS of dying cells and other 
debris [5-7]. 

Investigations of the role of microglia in CNS injury such as 
stroke demonstrate that the microglial response to injury is 
complex [8-13]. After injury to the brain, pro-inflammatory 
effectors such as nitric oxide (NO), tumor necrosis factor- alpha 
(TNF-a), mterleukin-6 (IL-6) and IL-1 beta (IL-1(5) are up- 
regulated within 24 hours and contribute to both neurotrophic 
and neurotoxic pathways [8-13]. Similarly, there is an acute 



increase in TNF-a, IL-ip and IL-6 in the spinal cord after spinal 
cord injury that contributes to cell death and lesion expansion 
[14,15]. As a major source for TNF-ot, IL-1(3, IL-6, and trophic 
factors including brain derived neurotrophic factor (BDNF), 
microglia are major contributors to increased levels of these 
cytokines after CNS injuries [6,12-14,16-22]. The consequences 
of altering the microglial response to injury are difficult to predict, 
as microglial effectors can have both trophic and toxic conse- 
quences after injury [6,12-14,16-22]. Nonetheless, several studies 
have examined the functional response profiles of microglia upon 
activation to define their secretory profile and morphological 
response to brain injury or infection [6,12-14,16-22]. 

Most studies investigating the functional activation profiles of 
microglia are done in brain microglia cultures (BM). Data from 
these studies have confirmed that microglia can secrete a wide 
variety of cytokines, with the amount and type of effector released 
varying with the nature of the activating stimulus. Activation with 
lipopolysaccharide (LPS) increases the release of TNF-a, IL- 1 fi, 
IL-6 and nitric oxide (NO) in neonatal BM [18,23]. Recently, it 
was demonstrated in vitro that BM exposed to conditioned media 
collected from neurons subjected to moderate hypoxic injury were 
neuroprotective, but BM exposed to media collected from neurons 
subjected to severe hypoxic injury were neurotoxic [6]. These 
results and data showing severity dependent expression of 
cytokines by spinal microglia after spinal cord injury suggest that 
functional microglial response properties are dependent on the 
severity of neuronal injury [6,14]. 
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In addition to a differential response to injury severity, microglia 
isolated from distinct regions of the brain have different effects on 
cell survival [18]. For example, activated microglia from cortex 
and hippocampus exhibit a neurotoxic profile relative to microglia 
from brainstem, striatum and thalamus [18]. TNF-a release by the 
microglia from cortex and hippocampus is significandy higher 
than that of other brain regions after activation with adenosine 
triphosphate [IB]. Despite the observation that microgUal effector 
profiles vary between regions in the brain, and the interest in 
understanding the role of microglia after spinal injury, very few 
studies have investigated activation profiles of microglia derived 
from the spinal cord (SCM) in culture [17,19]. In this study, we 
sought to characterize the morphological and secretory response 
profiles to an activating stimulus in SCM as compared to BM. To 
facilitate comparison, SCM and BM cultures were established 
from the same neonatal rat pups using a mild trypsinization 
protocol [24] . The primary microglia cultures were activated with 
the bacterial endotoxin lipopolysaccharide (LPS), an established 
and well-characterized activator of microglia [12,25-27]. The 
differences in the activation pattern of SCM and BM were then 
gauged by characterizing microglial morphology, cytokine release, 
nitric oxide release, and phagocytosis. 

Materials and Methods 

AH animal protocols were conducted in accordance with 
Canadian Council on Animal Care Guidelines and approved by 
the Animal Care and Use Committee: Health Sciences for the 
University of Alberta. 

Primary brain and spinal cord microglia cultures 

Mixed glia cultures were prepared from brain and spinal cord of 
post-natal Day 1 Sprague-Dawley rats [6,28]. The meninges and 
blood vessels were removed from the brains and spinal cords, then 
tissue was finely minced and dissociated enzymatically by Q.2^'>"/o 
Trypsin-EDTA for 20 minutes at 37°C. Trypsin was inactivated 
with Dulbecco Modified Eagle Medium/Ham's F12 (DMEM/ 
F12; Gibco) containing 10% Fetal Bovine Serum (FBS; Gibco) and 
2% Penicillin/Streptomycin (P/S; Gibco). The brain and spinal 
cord tissues were triturated mechanically in DMEM/F12 in 10% 
FBS+2% P/S and plated on poly-L-lysine coated 12 well plates at 
1.7x10' cell/ml. 

After 14—21 days in vitro (DIV), microglia were isolated by mild 
trypsinization [24]. Briefly, 0.25% Trypsin-EDTA was diluted in 
1:3 ratio in DMEM/F12+2% P/S media was added to brain/ 
spinal mixed primary culture and was incubated at 37°C in 
humidified 5% C02 incubator for 20-50 mins. After aspirating 
out die diluted Trypsin-EDTA, DMEM/F12 with 10% FBS+2% 
P/S was added to the isolated microglia in the culture dish to 
inactivate trypsin and the culture dish was maintained at 37°C for 
5 min. DMEM/F12 with 10% FBS was removed after 5 minutes 
and DMEM/F12 containing 2% P/S was added to the isolated 
brain microglia (BM) and spinal cord microglia (SCM). Isolated 
BM and SCM were allowed to recover in DMEM/F12 containing 
2% P/S overnight prior to any treatment. For LPS activation, BM 
and SCM were treated with 1 |a,g/ml (final concentration in 
media) LPS for 24 hours. 24 hours after the LPS treatment the 
media from BM and SCM were assay(-d (-ither for pro- and anti- 
inflammatory effectors released in the media, phagocytic activity 
or fixed with 10% formalin for morphometric analysis. 

Immunocytochemistry 

Immunocytochemistry was used to confirm culture purity and 
quantify microglia. Isolated brain and spinal microgUa cultures 



were washed three times with phosphate buffered saline (PBS) and 
fixed with 10% formalin for 20 minutes. After three washes with 
PBS the cultured cells were permeabUized and blocked for 40 

minutes with 0.1% Triton X-100 and 10% normal horse serum. 
Ibal (ionized calcium binding adaptor molecule 1), a marker for 
microglia, was used to identify SCM and BM. Isolated brain and 
spinal microglia were incubated with a rabbit anti-Ibal primary 
antibody ( 1 : 1 000, Wako) at 4°C overnight. For immunofluorescent 
visualization of culture purity, the cultures dishes were then 
washed three times with PBS and incubated with an anti-rabbit 
Alexa 647 secondary antibody (1:200) for 1 hour at room 
temperature. After three washes, DAPI (4', 6-diamidino-2- 
phenylindole in vectasheild mounting medium) was apphed and 
a cover slip was mounted on top of ceUs. Negative controls without 
primary antibody were performed to rule out non-specific labeling 
by the secondary antibody. Epifluorescent images were acquired 
using Leica DMI 6000B microscope mounted with Leica DFC365 
FX monochrome camera at 20X. 

Microglia number was quantified by counting DAB (3,3'- 
Diaminobenzidine) positive cells. The procedure is similar to 
fluorescent immunocytochemistry up to the primary antibody 
incubation. After overnight incubation with primary antibody 
(rabbit anti-Ibal, 1:1000), the cultures were washed three times 
with PBS and labeled with a secondary antibody, biotinylated 
donkey anti-rabbit IgG (Santa Cruz, 1:200) for 1 hour at room 
temperature. After three washes the cultures were incubated with 
avidin-biotin complex (ABC staining kit, Thermo Scientific) for 30 
minutes at room temperature. DAB was prepared in PBS 
containing 3% H2O2 and cultures were treated according to 
manufacturer protocols. Ibal immunopositive cells after DAB 
visualization were counted in a field area of 0.785 mm^ under 20x 
magnification and bright field illumination. Average SCM and 
BM counts (in four independent experiments) were determined 
from the average count in six such field areas in each of four wells 
of a 12 well culture plate. The total number of Ibal 
immunopositive cells per well was counted using the following 
formula. 

Total number of SCM per well 

= Average SCM counts per 0.785fnw^X483 

where 483 times the area of a field view is the total surfa[:e area of 
a single well in a 12 well culture dish. An unbiased observer 
verified SCM counts. 

For morphology analysis, control and LPS activated Ibal 
labeled microglia were counted from 6 fields acquired from three 
independent experiments. The imagi;s we're acquired with 
DMI6000B Leica inverted microscope mounted with Leica 
DFC365 FX monochrome camera. 

Nitric Oxide (NO) assay 

NO in the media was assessed indirectly via its stable metabolite 
nitrite. 1 ml of media was collected after 24 hours after treatment 
or no treatment control. 100 ^L of LPS treated or no treatment 
control media was added per well of 96-weIlplate with 2 replicates 
per condition. 50 ^iL of 1 % sulfanilamide (in 3 M HCl) was then 
added to the wells, followed by the equal volumes of 0.02% N- 
naphthylethylenediamine. The final mixture was read on a 
microplate reader at 540 nm (Molecular Devices SpectraMax 
M5). 
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Enzyme Linked Immunosorbent assays (ELISA) 

A commercial ELISA kit was used to measure IL-1 P and IL-6 in 
media (DuoSet, R&D Systems Minneapolis, USA)). ELISA 
procedures were carried out according to manufacturer protocols. 
For brain-derived neurotrophic factor (BDNF) ELISA, a compet- 
itive ELISA protocol was used. In brief, media and recombinant 
BDNF standards diluted in phosphate-buffered saline (PBS) were 
mixed 1:1 with goat anti BDNF (1:500, Santa Cruz, Texas, USA) 
and incubated with 96-well plates in the cold room overnight. This 
mtKture was aspirated following incubation and the plates were 
washed three times with PBS. The plates were then blocked with 
the ELISA diluent ( 1 % bovine serum albumin in PBS) for 1 h. 
After blocking, the plates were washed 3 times with PBS and 
incubated with anti goat IgG antibody conjugated to horseradish 
peroxidase (1:2000 in ELISA diluent, Santa Cruz, Texas, USA) for 
30 min. The chromagen tetramethylbenzidine (Sigma, 0.027% in 
0.82% sodium acetate, 0.36% citric acid and 40% methanol) was 
added to develop color. Upon development of the chromagen, 
1.8 N sulfuric acid was added to stop the reaction, and the plates 
were read on microplate reader at 450 nm (Molecular Devices 
SpectraMax M5). All procedures were carried out at room 
temperature unless otherwise specified. 

Multiplex bead based immunoassays for cytokines 

Rat TNFa and IE- 10 were quantified using BD Cytometric 
Bead Array kit (BD Biosciences, New Jersey, USA). Samples were 
prepared according to manufactures protocol. Briefly, 50 jtL of 
control or LPS treated microglia ctilture media was added to 
50 nL of multiplex capture beads (TNF-O!, IL-10) in a v-bottom 96 
well plate. The v-bottom 96 well plate was placed in an orbital 
shaker for 5 min at 500 rpm and then incubated at room 
temperature for 1 hr. 50 |iL of phycoerythrin detection reagent 
was added to each sample in v-bottom 96 well plate and placed in 
an orbital shaker for 5 min at 500 rpm. The plate was then 
incubated at room temperature for 2 hr. The v-bottom 96 well 
plate was then centrifuged at 2000 g and supernatant was 
aspirated out. The multiplex capture beads in v-bottom 96 well 
plates were re-suspended in 150 |a,L of wash buffer and placed in a 
orbital shaker for 5 min at 500 rpm. The multiplex capture bead 
in wash buffer where then analyzed by BD FACSCantoII flow 
cytometer. Data analysis was done using FCAP Array software 
from BD Biosciences. 

Phagocytosis Assay 

Phagocytosis was measured using a fluorescent bead uptake 
assay [29]. Briefly, microglia were activated for 24 hours with LPS 
(1 |ig/ml) and 2.5xl0'^6 carboxylate-modified 1 |J.m beads (per 
well, Sigma, Missouri, USA) were added to the LPS activated or 
control microglia for an hour. After incubation with these beads, 
the cells were washed with Hank's Balanced Salt Solution to wash 
away beads that were not phagocytized. BM and SCM were lysed 
in 1% Triton-X detergent and lysate was transferred to 96-well 
plate. Fluorescence emitted by cell lysate was measured using a 
microplate reader (Molecular Devices SpectraMax M5). The 
excitation and emission spectra of plate reader were set to 470 nm 
and 505 nm respectively. Negative controls were treated as above 
with the exception that cells with beads were maintained at 4 
degrees Celsius. 

Statistical Analysis 

Results are represented as percentage of total population 
(morphology analyses), raw values normalized to total protein 
(NO, cytokines and trophic factors), and percentage over relative 



control (phagocytosis assay) ± standard error of mean. One-way 
ANOVA was used to determine main efiect of treatment on BM 
and SCM followed by Newman-Keuls post hoc to test for 
significance between treatment groups. One-sample t- tests were 
performed to analyse significant changes in phagocytic activity 
between treatments and controls (as phagocytosis was normalized 
to control levels), n represents a single independent experiment (i.e 
an independent culture preparation) with a minimum of three 
technical replicates. Each technical replicate is a weU in a 12 well 
culture plate, except for morphology studies where n represents a 
single well of an iiKk'pcnd(;nt experiment. * represents p<0.05. All 
statistical analyses were done using Graphpad Prism version 5. 

Results 

Spinal cord microglia can be isolated by mild 
trypsinization 

Mild trypsinization has been used successfully to isolate BM 
from neonatal mice [24], but its efiicacy in isolating SCM had not 
been determined. To determine if mild trypsinization can isolate 
SCM from neonatal rat primar)- mixed glial populations, we 
applied 0.08% Tr\psin-EDTA to 2-3 wk old primary mixed glial 
cultures derived from brain and spinal cord. The optimal 
incubation time required to isolate SCM was determined from 
mild trypsiniation durations of 20 min, 30 min, 40 min and 
50 min. Twenty min of mild trypsiniztion produced the highest 
yield of SCM (Fig. lA, B). SCM count decreased with increased 
duration in tripsin and at 40 min there was nearly a 60% loss of 
SCM compared to 20 min time point. The purity of BM and 
SCM cultures were assessed by immune labeling against Ibal (a 
microgha/macrophage marker) and was found to be S95% for 
BM and SCM (n = 3 independent experiments, see Fig.lA 
representative micrograph of SCM and BM). 

Morphology of BM and SCM on activation with LPS 
(lipopolysacharide) 

Lipopolysaccharide (LPS) is an endotoxin from gram-negative 
bacteria commonly used to activate immune cells. To evaluate if 
SCM and BM assume different morphology after activation, 
microglia were incubated overnight in 1 ug/ml LPS in media 
(DMEM widi 2% P/S) for 24 hours. Ramified, amoeboid, and 
spherical morphological states were apparent in control (media 
alone) and activated microglia cultures from brain and spinal cord. 
Consistent with previous studies [6], morphokigical status was 
assigned based on the number of microglia processes: Microglia 
that have more than two primary processes (processes that are 
stemming from cell body of microglia are considered primary) 
were considered ramified, those with one process were considered 
amoeboid and those with no process extension were considered 
spherical. A significant effect of treatment group (BM control, BM 
LPS, SCM control, SCM LPS) was observed for the percentage of 
amoeboid and spherical morphologies {Ffjgj = 14.32 p = 0.0014, 
Ff^gj — 8.125 p = 0.0082, respectively), while a main effect on 
percentage of ramified microglia of BM and SCM narrowly 
missed statistical criterion for significance (Ffs^gj = 3.893 
p = 0.0551) (Figure 2). Newman-Keuls post-hoc tests showed that 
LPS induced a significant increase in spherical morphology in BM 
(Fig. 2C, LPS 55.27%±4.12 vs. Control 27.99%±9.15, respec- 
tively p<0.05) and SCM (Fig. 2. LPS 60.72% ±6.88 vs Control 
28.27% ±0.80 p<0.05), but the percentage of spherical microglia 
in basal or LPS-activated states was not significantly different 
between BM and SCM. Interestingly, LPS induced significantly 
less amoeboid morphology in SCM compared to SCM control 
microgha as well as LPS-activated BM (Fig.2B, SCM LPS 
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Figure 1. SCWl isolation by mild trypsinization. (A) Representative micrograph of Ibal labeled microglia derived from BM or SCM. Scale 
= 50 |im. (B) 20 minutes of mild trypsinization had the highest yield of SCM. SCM counts were quantified from average of 6 fields each from four wells 
of 12 well cell culture plate (n = 4 where n represent the number of independent experiments, where an independent experiment is a separate 
microglia preparation). 
doi:1 0.1 371 /journal.pone.0099443.g001 



16.18%±0.86, SCM Control 37.50%±4.47, BM LPS 
34.32% ±3.04, p<0.05). 

Secretion of pro-inflammatory and anti-inflammatory 
effectors by BiVl and SCM 

TNF-a, IL- 1 P and NO are well-characterized pro-inflammatory 
effectors with established roles in inflammation and neurotoxicity 
afl:er an injury to the CNS, and release of these inflammatory 
effectors by microglia varies with brain region of origin [5-7] . To 
determine if the release of inflammatory effectors differed between 
SCM and BM, microglia were activated with LPS (1 |Xg/ml) for 
24 h. Relative changes in secreted levels of TNF-a, IL-ip and NO 
in media were measured using multiplex bead based flow 
cytometry for TNF-a, ELISA for IL- 1 P and the Greiss reaction 
assay for NO. One-way ANOVA identified a significant main 



effect of LPS treatment on the release of TNF-a (/^(3 ig) = 5.201, 
p = 0.0107), IL-ip (%i6) = 4.21, p = 0.0225) and NO 
{P(3,2i) - 15.76, p = 0.0001). Newmaii-Keuls post-hoc tests revealed 
that TNF-a, IL-ip and NO release by LPS-activated BM were 
significandy higher than basal release (Fig. 3A, 3B, 3C, TNF-a p< 
0.05; IL-ip p<0.05; NO p<0.001). LPS activated SCM showed a 
non-significant trend towards an increase in release of TNF-a, and 
TNF-a release from SCM was significantly less than BM (p<0.01). 
LPS did not induce significant release of IL- 1 P from SCM, and 
LPS-induced release was significandy reduced relative to BM (p< 
0.05). NO release was significandy increased in LPS activated 
SCM compared to SCM control (p<0.05); though it was still 
significandy less than LPS activated BM (p<0.01). No differences 
were found in the basal release of TNF-a, IL- 1 P or NO by BM vs. 
SCM. Notably, reduced release by SCM could not be explained 
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Figure 2. LPS mediated changes in morphology of SCM and 
BWl. BM and SCM were activated with LPS to compare the differences in 
ramified, amoeboid and spherical morphologies. (A) A main effect of 
treatment group (BM control, BM LPS, SCM control, or SCM LPS) on the 
proportion of microglia with ramified morphology was not significant 
(ANOVA, F(3,8) = 3.893, p = 0.0551). (B) A significant main effect of 
treatment on the percentage of amoeboid cells was found (ANOVA, 
F,3_s) = 14.32, p = 0.001 4). Notably, LPS activated SCM had significant 
lower percentage of amoeboid cells relative to SCM controls and LPS 
activated BM (Newman-Keuls post hoc test, n = 3, p<0.05). (C) 



Treatment significantly altered the percentage of spherical cells 
(ANOVA, F,3,8) = 8.125, p = 0.00821). LPS activated BM and SCM had a 
significant increase in spherical morphology relative to control 
conditions (Newman-Keul post hoc test, n = 3, p<0.05). n represents 
the number of independent experiment with a minimum of three 
replicates. Bars represent percent morphology of cell ± s.e.m. 
doi:10.1371/journal.pone.0099443.g002 

by differences in cell viability after LPS treatment. Tetrazolium 
dye (MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-dipiienyltetrazolium 
bromide), which is reduced to insoluble formazan only in cells with 
functional mitochondria, was used to assay the viability of 
microglia in culture. There was no significant difference in 
microglial viability between treatment groups (Method SI and 
Figure SI). 

BM are also capable of releasing IL-6, IL-10, and BDNF, well 
known mediators of inflammation and cell survival in CNS injury 
or disease [5-7]. Here, SCM and BM were treated with LPS 
(1 |J.g/ml in media) for 24 hours to determine if there are any 
difiFerences in their release of IL-6, IL-10 and BDNF. Cytokine 
levels were evaluated by bead based flow cytometry for IL-10, 
ELISA for IL-6 and competitive ELISA for BDNF. One-way 
ANOVA showed a trend towards a main effect of treatment group 
on IL-6 release = 3.632, p = 0.0642) but not IL-10 



(Fig. 4). 



3,16) ■ 



= 0.6086, p = 0.619) or BDNF {Ff 



3, 8) ■ 



= 0.142, p = 0.932) 



LPS mediated phagocytosis in BM and SCM 

Microglia can assume a phagocytic pheiiotype in response to 
activating stimuli. CNS diseases or injuries result in dying neurons 
and debris, which are cleared in part by phagocytic microglia 
[3,7]. Pro-inflammatory cytokines such as TNF-ot have been 
shown to increase phagocytosis by microglia [3], and amoeboid 
and spherical microglial morphologies have been associated with 
phagocytic status [3,29]. LPS activation has been shown to 
increase phagocytic activity in previous studies of cultured BM. In 
this study, we compared the phagocytic activity of BM and SCM 
on activation with LPS (1 (ig/ml in media) for 24 hours (Fig. 5). 
We show that LPS significantly increased the phagocytic activity of 
BM (t(7) = 2.815, p<0.05) but not SCM (t(2) = 1.336, p = 0.3132). 

Discussion 

Summary 

In this study, we show that SCM can be isolated from primary 
mixed glial cultures by mild trypsinization. Additionally, we show 
that the LPS-activated phenotype of SCM is different from that of 
BM. SCM microglia exhibited a significantly less amoeboid 
morphology relative to BM after LPS activation. In BM, LPS 
significandy increased the release of NO, TNF-a and IL-lfi. 
Interestingly, LPS did not induce a statistically significant increase 
in the release TNF-a and IL- 1 f> in SCM, and levels of all three of 
these pro-inflammatory cytokines in media from activated SCM 
were significantly reduced relative to BM. Conversely IL-6 and IL- 
10 release by LPS-activated SCM exhibited a non-significant trend 
towards higher release than BM. LPS activation was also 
associated with an increase in phagocytic activity of BM but not 
SCM. Overall, our findings suggest that SCM exhibit a less 
inflammatory and phagocytic phenotype than BM in response to 
activation with LPS. Interestingly, a recent in vivo study using 
fluorescence assisted cell sorting demonstrated that expression 
levels of the surface receptors CD45 and CD 1 1 b are higher in 
spinal microglia than brain microglia in naive mice. In cells sorted 
three days after viral infection with TheUer's murine encephalo- 
myelitis virus, surface receptors (including CD45, CD lib, CD40, 
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Figure 3. LPS mediated pro-inflammatory molecules release by 
SCWl and BWl. BM and SCM were activated with LPS to measure the 
difference in their pro-inflammatory molecules release. (A) A significant 
effect of treatment on TNF-a secretion between groups was observed 
(ANOVA, F(3,i5) = 5.201, p = 0.01 07). LPS activated BM had significantly 
higher release of TNF-ot compared to BM control and LPS activated SCM 
(Neuwman-Keuls post hoc test n = 5, p<0.05). SCM had a trend towards 
increase in TNF-oc on activation with LPS. (B) A significant effect of 
treatment was also observed for IL-ip secretion (ANOVA, F^ , 6, = 4.210, 
p = 0.0225). LPS BM had a significantly higher release of IL-1 p compared 
to BM control and LPS activated SCM (Newman-Keul post hoc test n = 5, 
p<0.05). We did not see any change in IL-1p release between LPS 
activated SCM and SCM control (Newman-Keul post hoc, n = 5, p>0.05). 
(C) A significant main effect of treatment group on NO release was 
observed (ANOVA, F,3,24) = 1 5.76, p = 0.0001). LPS induced a significant 
increase in release of NO by BM compared to BM control and LPS 
activated SCM (Newman-Keul post hoc, n = 7, p<0.05). NO release by 
LPS activated SCM was significantly higher than that of SCM and BM 
controls (Newman-Keul post hoc, n = 7, p<0.05). However, NO release 
by LPS activated SCM was significantly less than that of LPS activated 
BM (Newman-Keul post hoc, n = 7, p<0.05). n represents the number of 
independent experiment with a minimum of three replicates. Bars 
represent cytokine or nitrite per milligram of total protein ± s.e.m. 
doi:10.1371/journal.pone.0099443.g003 

CD80, CD86) were upregulated in spinal microglia compared to 
brain microglia [18,30]. Combined with our findings, these data 
suggest that the activating stimulus and local environment interact 
to determine the phenotypic response of microglia [18,30]. 

Isolation of spinal microglial culture via mild 
trypsinization 

Regional heterogeneity (in morphology and cytokine release) of 
microglia within the CNS has been observed both in vitro and in 
vivo based on region of origin [14,18,21]. For example, microglia 
from neonatal cortex and hippocampus are more neurotoxic than 
those from striatum, thalami or brainstem [18]. Notably, microglia 
from neonatal striatum have a more ramified morphology 
(presence of extensive processes) and reduced release of pro- 
inflammatory effectors relative to cortical microglia. However, the 
morphological and functional heterogeneity of BM vs. SCM has 
not previously been assessed. Given that SCM can affect the fate of 
neurons during development and after spinal cord injury, an 
understanding of the functional response properties of spinal 
microglia is important. Primary SCM cultures are not common in 
the literature and have not been characterized to the extent of BM 
primary cultures [6,27,31-33]. Mild trypsinization (0.05%-0.12% 
Trypsin EDTA) is an established protocol for isolation of primary 
BM, with higher yields than isolation via shaking, but has not been 
well validated for use in SCM [24]. Here, we demonstrate that 
mUd trypsinization can also be used to isolate microglia from 
mixed glial cultures derived from neonatal rat spinal cord tissue. 

Morphology and phagocytic activity of BM and SCM 

In the undisturbed CNS, microglia typically assume a ramified 
morphology, with extensive processes extending from their soma 
[5-7]. These processes contain membrane sensors to detect 
activating agents in the surrounding microenvironment. Activation 
of microglia typically results in a transition to an amoeboid 
morphology and expression of genes regulating cytokine (inflam- 
matory, anti-inflammatory, and trophic) expression. Continued or 
extreme activation may induce a spherical and phagocytic 
morphology [34] . Previously studies have demonstrated that there 
is region specific heterogeneity in BM morphology and the 
secretory profile of microglia isolated from different brain regions 
[18]. We did not find any significant difference between 
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minimum of three replicates. Bars represent cytokine or trophic factor 
per milligram of total protein ± s.e.m. 
doi:10.1371/journal.pone.0099443.g004 

morphology of SCM and BM under basal conditions (Fig. 2). 
However, SCM exhibit less amoeboid morphology after LPS 
activation and a trend towards a persistent ramified morphology 
relative to BM. These morphological differences correlate with 
phagocytic activity of SCM and BM, where we see an increase in 
phagocytic activity in BM with increase in amoeboid and spherical 
form (Fig. 2, Fig. 5). Previous studies show that TNF-a can 
increase the phagocytic activity of microglia, while IL-10 can 
decrease phagocytic activity [26,34]. We show that TNF-ot release 
is increased to a greater extent in LPS activated BM relative to 
SCM (IL-10 release is comparable between SCM and BM, Fig. 3, 
4). These effector profiles are consistent with the reduced 
phagocytic activity of SCM (Fig. 5). 
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Cytokine Profile of BM and SCM 

Cytokines play a major role in determining the outcome of CNS 
injuries and diseases and microglia are one of the primary sources 
of cytokines in the CNS. Moreover, microglia are a dynamic 
population of cell capable of being neurotoxic and or neurotropic 
depending on the severity of the injury [3,6,7,12- 
14,18,22,29,35,36]. It has been shown that TNF-a, IL-ip, NO, 
IL-6 are up-regulated after CNS injury [8- 
12,15,18,20,22,23,35,37]. However, the consequences of in- 
creased cytokine release are multifactorial. TNF-ot exhibits both 
neurotoxic as well as neuroprotective actions after brain or spinal 
injury [38-43]. While up-regulation of TNF-a can exacerbate 
neuronal injury, genetic knockout of TNF-a or interference with 
TNF-a or TNF-a binding sites can increase neuronal tissue loss 
and reduce compensatory neuroplasticity after CNS injury 
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Figure 4. Release of IL-6, IL-10, and BDNF by SCM and BM 
under basal conditions and after LPS activation. BM and SCM 

were activated with LPS to measure the difference in their release of 
these cytokines and trophic factors. (A) There was no significant main 
effect of treatment group on IL-6 release (ANOVA, F(33) = 3.632, 
p = 0.0642, n = 3) on IL-6 release. LPS activated BM and SCM exhibited 
a trend towards increased in release of IL-6 compared to their 
respective controls. Similarly, a significant main effect of treatment 
was not observed for either IL-10 release (B, ANOVA, F(3,,6) = 0.6086, 
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Figure 5. LPS mediated phagocytosis in SCM and BM. 

Phagocytosis was measured according to fluorescent intensity of cell 
lysate from control or LPS activation BM or SCM. Within each 
independent experiment, fluorescence was normalized to mean control 
values. LPS induced a significant increase in phagocytic activity of BM 
relative to control (n = 8, one sample t-test, p<0.05) but did not induce 
any change in the phagocytic activity of SCM (n = 3, one sample t-test, 
p>0.05). Phagocytic assays were performed at 4 degree Celsius as 
negative controls (i.e. a reduced phagocytosis condition) to confirm 
assay validity (n = 5). n represents the number of independent 
experiment with a minimum of three replicates. 
doi:10.1371/journal.pone.0099443.g005 
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[12,38-45]. IL-ip has a more typical inflammatory and neuro- 
toxic profile, and inhibition of IL-ip reduces neuronal tissue 
damage after brain injury [6,9,14,23,37]. Similarly, NO is an 
inflammatory and neurotoxic mediator known to contribute the 
lesion growth in spinal cord injury, stroke, and brain injury by the 
reactive metabolite perioxynitrite [6,8,10,13,46]. As such, the 
relative reduction in the release of pro-inflammatory effectors 
(TNF-a, 11^ ip and NO) by SCM relative to BM suggests that 
SGM might have a less neurotoxic profile after activation by LPS 
in vitro. 

It is well known that IL-6 and IL-10 are upregulated after an 
injury or disease in CNS [15,22,36,47] and that microglia are 
capable of releasing IL-6 and IL-10 [19,20,25,48,49]. IL-6 has 
both pro- and anti-inflammatory actions, and is a major mediator 
of the brain's immune response to trauma or infection [48-50] . 
Conversely, IL-10 is a.ssociated with a primarily protective role 
after CNS injury [26,35,51,52]. IL-6 and IL-10 both down- 
regulate the expression of TNF-a and IL-ip and thereby reduce 
the neurotoxicity mediated by these pro-inflammatory cytokines 
[25,26,53-55]. Our data suggests that release of these mediators 
by BM and SCM is comparable, with a trend towards increased 
LPS mediated release of IL-10 and IL-6 by SCM relative to BM 
(Fig. 4). These data provide further support for the postulate that 
SCM exhibit a less inflammatory phenotype than BM after 
activation with LPS in vitro. 

LPS has primarily been associated with a pro-inflammatory 
function due to its interactions with Toll like receptor 4 (TLR4). 
TLR4 is an essential component of the immune response and is 
known to up-regulate inflammatory cytokines via both myeloid 
differentiation primary-r(;sp()ns(; protein 88 (MyD88) dependent 
and MyD88-independent pathways [56]. Activation of TLR4 
MyDSB-dependent pathway induces the production of TNF-a and 
IL-6 [56] . However, TLR4 MyDBB-independent pathway, induc- 
es the production type 1 Interferon (IFN) gene products, but not 
TNF-a or IL-6, and mice deficient of MyD88 did not produce 
TNF-a and IL-6 [56]. Differences in the release of TNF-a by LPS 
activated SCM relative to BM (Fig. 3A) may therefore suggest 
differential weighting of the MyD88 dependent and independent 
pathways in BM and SCM. 

Limitations. In vitro culture systems are a powerful reduc- 
tionist model to study microglia in isolation. Commonly used 
activators such as LPS can act on receptors on other CNS cells 
including neurons and astrocytes. Hence, isolated microglia 
cultures improve resolution of microglial activation profiles 
without the interference from other CNS constituents. Nonethe- 
less, in vitro models only mimic injury or inflammation found in vivo, 
and these simplified models in vitro may not reflect the whole 

References 

1. Giulian D, Baker TJ (1986) Characterization of ameboid microglia isolated from 
developing mammalian brain. The Journal of nenroscicnce: the official journal 
of the Society for Neuroscience 6: 2163-2178. 

2. Rezaie P, Male D (1999) Colonisation of the developing human brain and spinal 

cord by microglia: a review. Microscopy research and technique 45: 359-382. 

3. Aloisi ¥ (2001) Immune function of microglia. Glia 36: 165- 179. 

4. Wake H, Moorhousc AJ, Jinno S, Kohsaka S, Nabckura J (2009) Resting 
microglia directly monitor the functional state of synapses in vivo and determine 
the fate of ischemic terminals. The Journal of neuroscience: the ofiicial journal of 
the Society for Neuroscience 29: 3974-3980. 

5. Lai AY, Todd KG (2006) Hypoxia-activated microglial mediators of neuronal 
survived are dilFercntially rcgT.ilatecl by tetracyclines. Glia 53: 809—816. 

6. Lai AY, Todd KG (2008) Differential regulation of trophic and proinflammatory 
microglial effectors is dependent on severity of neuronal injury. Glia 56: 259- 
270. 

7. Kettenmann H, Hanisch UK, Noda M, Verkhratsky A (2011) Physiology of 
microglia. Physiological reviews 91: 461-553. 

8. Kader A, Frazzini VI, Solomon RA, Trifiletti RR (1993) Nitric oxide production 
during focal cerebral ischemia in rats. Stroke 24: 1709-1716. 



spectrum of effectors involved in vivo. Notably, myelination is 
incomplete in day one neonatal rats and cultures, and this 
environmental difference prior to isolation may influence microg- 
lia phenotypes [57]. Similarly, recent studies show increased 
expression of purinergic receptors involved chemotaxis and 
phagocytosis in adult microglia relative to neonates [5B-61]. 
Genes regulating factors cell adhesion, proliferation, migration, 
complement system activity, and transcription regulation also 
exhibited differential expression in adult vs. neonatal microglia 
[61]. Hence, microglia isolated from neonatal mixed glia 
preparation may not account for variances in response properties 
due to developmental state in microglia from different brain 
regions [60,61]. 

Conclusions. CNS microglia are a heterogeneous population 
of cells whose immune function is determined by local environ- 
ment, severity of injury and age of the animal [6,14,18,60]. Our 
result suggests that SCM may be less pro-inflammatory on 
activation through the TLR4 pathway. These differences between 
microglial activation pathways in SCM as compared to BM are an 
important consideration in rationale design of immune-modula- 
tory or anti-inflammatory therapies specific for spinal cord and 
brain injuries. 

Supporting Information 

Figure SI BM, SCM viability after LPS treatment. Microglial 
viability was assessed via the MTT assay in four treatment groups 
(BM control, BM LPS, SCM control, or SCM LPS). There was no 
main effect of treatment group on microglial viability 
(F(3, 16) = 0.801 1, p = 0.51 13). n = 5 independent microglia culture 
preparations. Bars represent optical density (MTT absorbance) 
values per milligram of total protein ± s.e.m. 
(TIF) 

Method SI Measurement of microglia viability. 
(DOCX) 

Acknowledgments 

We sincerely thank members of the Winship and Todd labs for critical 
discussion during the study and Ms. Dorothy Kratochwil-Otto for 
assistance with flow cytometry. 

Author Contributions 

Conceived and designed the experiments: SB KGT IRW. Performed the 
experiments: SB. Analyzed the data: SB KGT IRW. Contributed 
rcagciiis/materials/analysis tools: KGT IRW. Wrote the paper: SB 
KGT IRW. 



9. Hill JK, Gunion-Rinker L, Kulhanck D, Lessov N, Kim S, et al. (1999) 
Temporal modulation of cytokine expression following focal cerebral ischemia in 
mice. Brain Research 820: 45-54. 

10. Castillo J, Rama R, Davalos A (2000) Nitric Oxide-Related Brain Damage in 

Acute Ischemic Stroke. Stroke 31: 852-857. 

1 1 . Clausen Bfi, Lambertscn KL, Mrldgaard M. Pinscn B (2005) A quantitative in 
situ hybridization and polvmerasc chain reaction study of microglial-macro- 
phagc expression ot inlcrleiikin-lbcla mRN.A following permanent middle 
cerebral arterv occlusion in mice. XcLiroscienec 132: 879-892. 

12. Lambertscn KL, C^lausen Bfi, Babcock .AA, (ircgersen R, Fcnger C, et al. (2009) 
Microglia protect neurons against ischemia by synthesis of tumor necrosis factor. 
The Journal of neuroscience: the official journal of the Society for Neuroscience 
29: 1319-1330. 

13. Yenari MA, Kauppinen TM, Swanson RA (2010) Microglial activation in 
stroke: therapeutic targets. Neurotherapeutics: the journal of the American 
Society for Experimental NeuroTherapeutics 7: 378-391. 

14. Yang L, Jones NR, Blumbergs PC, Van Den Heuvel C, Moore EJ, et al. (2005) 
Severity-dependent expression of pro-inflammatory cytokines in traumatic spinal 



PLOS ONE I www.plosone.org 



8 



June 2014 I Volume 9 | Issue 6 | e99443 



Activation Profile of Spinal Microglia 



cord injury in the rat. Journal of clinical ncuroscicnce: official journal of the 
Neurosurgical Society of Australasia 12: 276-284. 

15. Smith PD, Puskas F, Meng X, LeeJH, Cleveland JC, et al. (2012) The Evolution 
of Chemokine Release Supports a Bimodal Mechanism of Spinal Cord Ischemia 
and Reperfusion Injury. Circulation 126: S110-S117. 

16. Lai AY, Todd KG (2006) Microglia in cerebral ischemia: molecular actions and 
interactions. Canadian journal of phy,siolo_g\' and pharmacolo^gy 84: 49—59. 

17. Matsui T, Svensson CI, Hirata Y, JVlizfibala K, llua XY, ct ai. {2010} Release of 
prostaglandin E(2) and nitric oxide from spinal microglia is dependent on 
activation of p38 mitogen-activated protein kinase. Anesthesia and Einalgesia 
111: 554-560. 

18. Lai AY, Dhami KS, Dibal CD, Todd KG {201 1) Neonatal rat microglia derived 
from different brain regions have distinct activation responses. Neuron glia 
biolo^gy 7: 5-16. 

19. VVerry EL, Liu GJ, Lovelace MD, Nagarajah R, Hickie IB, et al. (2011) 
Lipopolysaecharide-stimulated interleukin-10 release from neonatal spinal cord 
microglia is potentiated by glutamate. Neuroscienee 175: 93-103. 

20. Green HF, Nolan YM (2012) GSK-3 mediates the release of IL-lbeta, TNF- 
alpha and IL-10 from cortical glia. Neurochemistry international 61: 666-671. 

21. Hua K, Schindler MK, McQuailJA, Forbes ME, Riddle DR (2012) Regionally 
distinct responses of microgha and glial progenitor cells to whole brain 
irradiation in adult and aging rats. PloS one 7: e52728. 

22. Lambertsen KL, Biber K, Finsen B (2012) Inflammatory cytokines in 
experimental and human stroke. Journal of cerebral blood flow and metabolism: 
official Journal of the International Society of Cerebral Blood Flow and 
Metabolism 32: 1677-1698. 

23. Nakamura Y, Si Q_S, Kataoka K (1999) Lipopolysaccharidc-induced microglial 
activation in culture: temporal profiles of morphological change and release of 
cytokines and nitric oxide. Neuroscienee Research 35: 95-100. 

24. SauraJ, TuseUJM, SerratosaJ (2003) High-yield isolation of murine microgha 
by mild trypsinization. Gha 44: 183-189. 

25. Aderka D, Le JM, Vilcek J (1989) IL-6 inhibits hpopolysaccharide-induced 
tumor necrosis factor production in cultured human monocytes, U937 cells, and 
in mice. J Immunol 143: 3517-3523. 

26. Broderiek C, Duncan L, laylor N, Dick AD (2000) IFN-gamma and LFS- 
mediated IL- 1 0-dependent suppression of retinal microglial activation. Investi- 
gative ophthalmology & visual science 41: 2613-2622. 

27. Durafourt BA, Moore CS, Zammit DA, Johnson TA, Zaguia F, et al. (2012) 
Comparison of polarization properties of human adult microglia and blood- 
derived macrophages. Gha 60: 717-727. 

28. Siao CJ, Tsirka SE (2002) Tissue plasminogen activator mediates microghal 
activation via its linger domain through annexin II. The Journal of neuroscienee: 
the official journal of the Society for Neuroscienee 22: 3352—3358. 

29. Hu X, Li P, (;uo Y, Wang H, Leak RK, et al. (2012) Mieroglia/maerophage 
polarization dynamics reveal novel mechanism of injury expansion after focal 
cerebral ischemia. Stroke 43: 3063-3070. 

30. Olson JK (2010) Immune response by microglia in the spinal cord. Annals of the 
New York Academy of Sciences 1198: 271-278. 

31. Olson JK, Miller SD (2004) Microglia initiate central nervous system innate and 
adaptive immune responses through multiple TLRs. J Immunol 173: 3916— 
3924. 

32. Gingras M, Gagnon V, Minotti S, Durham HD, Berthod F (2007) Optimized 
protocols for isolation of primary motor neurons, astrocytes and microglia from 
embryonic mouse spinal cord. Journal of neuroscienee methods 163: 111—118. 

33. Yip PK, Kaan FK, Fenesan D, Malcangio M (2009) Rapid isolation and culture 
of primary microglia fi-om adult mouse spinal cord. Journal of neuroscienee 
metiiods 183: 223-237. 

34. von Zahn J, MoUer T, Kettenmann H, Nolte C (1997) Microghal phagocytosis is 
modulated by pro- and anti-inflammatory cytokines. Neuroreport 8: 3851—3856. 

35. Diab A, ZhuJ, Xiao BG, Mustafa M, Link H (1997) High IL-6 and low IL-10 in 
the central nervous system are associated with protracted relapsing EAE in DA 
rats. Journal of neuropathology' and experimental neurolo^g\' 56: 641-650. 

36. Jin R, Yang G, Li G (2010) Inflammatory mechanisms in ischemic stroke: role of 
inflammatory cells. Journal of leukocyte biology 87: 779-789. 

37. Tarkowski E, Rosengren L, Blomstrand C, Wikkelso C, Jensen C, et al. (1995) 
Early intrathecal production of interleukin-6 predicts the size of brain lesion in 
stroke. Stroke 26: 1393-1398. 

38. Sriram K, Matheson JM, Benkovic SA, Miller DB, Luster MI, et al. (2002) Mice 
deficient in TNF receptors are protected against dopaminergic neurotoxicity: 
implications for Parkinson's disease. FASEB journal: official publication of the 
Federation of American Societies for Experimental Biology 16: 1474—1476. 

39. Wang X, Feucrstein GZ, Xu L, Wang H, Schumacher WA, et al. (2004) 
Inhibition of tumor necrosis factor-alpha-converting enzyme by a selective 
antagonist protects brain from focal ischemic injury in rats. Molecular 
pharmacology 65: 890-896. 



40. Taylor DL, Jones F, Kubota ES, PoeockJM (2005) Stimulation of microglial 
metabotropic glutamate receptor mGlu2 triggers tumor necrosis factor alpha- 
induced neurotoxicity in concert with microghal-derived Fas ligand. The Journal 
of neuroscienee: the official journal of the Society for Neuroscienee 25: 2952- 
2964. 

41. Takeuchi H, Jin S, Wang J, Zhang G, Kawanokuchi J, et al. (2006) Tumor 
necrosis factor-alpha induces neurotoxicity via glutamate release from 
hemiehannels of activated microglia in an autocrine manner. The Journal of 
biological chemistry' 281: 21362-21368. 

42. Oshima 'F, Lee S, Sato A, Oda S, liirasawa H, ci al. (2009) TXF-alpha 
contributes to axonal sprouting and functional reeoverv following traumatic 
bram injury. Brain Res 1290: 102-110. 

43. Taoufik E, Valable S, MuUer GJ, Roberts ML, Divoux D, et al. (2007) FUP(L) 
protects neurons against in vivo ischemia and in vitro glucose deprivation- 
induced cell death. The Journal of neuroscienee: the official journal of the 
Society for Neuroscienee 27: 6633-6646. 

44. Araki E, Forster C, DubinskyJM, Ross ME, ladecola C (2001) Cyclooxygenase- 
2 inhibitor ns-398 protects neuronal cultures from lipopolysaccharide-induced 
neurotoxicity. Stroke 32: 2370-2375. 

45. Gentonze D, Mii/io L, Rossi S, Gavasinni F. De Ghiara V, et al. (2009) 
Inllamnialion Iriggers s\naptic alteration and degeneration in experimental 
autoimmune encephalomyelitis. 'I'hejournal of neuroscienee: the official journal 
of the Soeietv lor Neuroscienee 29: 3442-3452. 

46. Huang Z, Huang PL, Panahian N, Dalkara T, Fishman MC, et al. (1994) Elfects 
of cerebral ischemia in mice deficient in neuronal nitric oxide synthase. Science 
265: 1883-1885. 

47. Woodroofe MN, Sama GS, Wadhwa M, Hayes CM, Loughlin AJ, et al. (1991) 
Detection of interleukin-1 and interleukin-6 in adult rat brain, following 

mechanical injurv, by in vivo microdialysis: evidence of a role for microglia in 
e\iokine prodiieiion. Journal of neuroimmunology 33: 227-236. 

48. Ma iC, Zhu XZ (2000) Neurotoxic effects of interleukin-6 and sodium 
nitroprusside on cultured rat hippocampal neurons. Arzneimittel-Forschung 50: 

512-514. 

49. Gafferty WB, Gardiner NJ, Das P, Qiu J, McMahon SB, et al. (2004) 
Conditioning injury-induced spinal axon regeneration fails in interleukin-6 
knock-out mice. The Journal of neuroscienee: the official journal of the Society 
for Neuroscienee 24: 4432-4443. 

50. Leibinger M, MuUer A, Gobrecht P, Diekmann H, Andreadaki A, et al. (2013) 
Interleukin-6 contributes to CNS axon regeneration upon inflammatory 
stimulation. CcU death & disease 4: e609. 

51. Knoblach SM, Faden AI (1998) Interleukin-10 improves outcome and alters 
proinflammatory cytokine expression after experimental traumatic brain injurv. 
Experimental neurology 153: 143-151. 

52. Bethea JR, Nagashima H, Acosta MG, Brieeno C, Gomez F, et al. (1999) 
Systemically administered intcrleukin-10 reduces tumor necrosis factor- alpha 
production and signiticantly improves functional recovery following traumatic 
spinal cord injury in rats. Journal of neurotrauma 16: 851—863. 

53. Armstrong L, Jordan N, Millar A (1996) Interleukin 10 (IL-IO) regulation of 
tumour necrosis factor alpha (TNF-£ilpha) from human alveolar macrophages 
and peripheral blood monocytes. Thorax 51: 143-149. 

54. Ledeboer A, Breve JJ, WierineLx A, van dcr Jagt S, Bristow AF, et al. (2002) 
Expression and regulation of interlciikin-10 and interleukin-10 receptor in rat 
astroglial and microglial cells. Fhe European journal of neuroscienee 16: 1175- 
1185. 

55. Erta M, Quintana A, Hidalgo J (2012) Interleukin-6, a major cytokine in the 
central nervous system. International journal of biological sciences 8: 1254— 
1266. 

56. Akira S, Takeda K (2004) ToU-hke receptor signaUing. Nature reviews 
Immunology 4: 499-5 1 1 . 

57. Downes N, Mullins P (2013) The Development of Myelin in the Brjiin of the 
Juvenile Rat. Toxicologic pathology. 

58. Haynes SE, Hollopeter G, Yang G, Kurpius D, Dailey ME, et al. (2006) The 
P2Y12 receptor regulates microghal activation by extracellular nucleotides. 
Nature neuroscienee 9: 1512-1519. 

59. Kurpius D, NoUey EP, Dailev ME (2007) Purines induce directed migration and 
rapid homing of microglia to injured pyramidal neurons in developing 
hippocampus, (ilia 55: 873-884. 

60. Lai AY, Dibal CD, Armitage GA, Winship IR, Todd KG (2013) Distinct 
activation profiles in microgha of different ages: a systematic study in isolated 
embryonic to aged microghal cultures. Neuroscienee 254: 185-195. 

61. Butovsky O, Jedrychowski MP, Moore CS, Ciahc R, Lanser AJ, et al. (2014) 
Identification of a unique TGF-beta-dependent molecular and hmctional 
signature in microglia. Nature neuroscienee 17: 131-143. 



PLOS ONE I www.plosone.org 



9 



June 2014 I Volume 9 | Issue 6 | e99443 



